The present study evaluated the main factors that influence the photocatalytic activity of titanium dioxide (TiO 2 ) films grown by metalorganic chemical vapor deposition (MOCVD) at 400 and 500 °C, in different growth times. The photocatalytic behavior was analyzed by measuring the methyl orange dye degradation at different pH values. Structural and morphological characteristics, and the recyclability of the catalysts for several cycles were also investigated. Anatase phase was identified in all films. The higher photodegradation performances were obtained at acidic pH. The results demonstrated that the photocatalyst thickness is an important parameter in heterogenous photocatalysis. The best photocatalytic result occurred for the 395 nm-thick TiO 2 film grown at 400 °C, which presented 65.3% of the dye degradation under UV light. The recyclability experiments demonstrated that the TiO 2 films grown by MOCVD present a great stability after several photocatalytic cycles, which allows their practical application for water treatment with high efficiency.
Introduction
In recent decades, the scientific interest using semiconductor materials in oxidative processes for water treatment has increased exponentially. 1 Among them, titanium dioxide (TiO 2 ) has been employed for being chemically and biologically inert. 2 It shows high photostability, being able to efficiently catalyze reactions, and does not present risks to the environment or humans. 3, 4 The crystalline structure of the TiO 2 greatly influences on its photocatalytic characteristics. The photocatalytic degradation properties are different depending on the crystalline structure of the catalyst, anatase, rutile and brookite, 5 since their properties vary according to the obtained polymorph. Amorphous TiO 2 does not present photocatalytic activity. Some studies 6, 7 report that the anatase phase is more efficient in the photocatalytic process, while others 8, 9 describe that small amounts of rutile phase mixed with anatase increase the photocatalytic efficiency of the catalyst.
Several problems arise from the practical use of TiO 2 during the photocatalytic process, especially when a suspension is utilized. The separation of the catalyst from the suspensions is difficult. Suspended particles tend to aggregate, mainly in high concentrations. Thus, great efforts have been made to prepare a TiO 2 -supported catalyst, in order to improve the photocatalyst recovery, and to obtain a high catalytic performance. 10 TiO 2 -supported films exhibit different structural and morphological properties depending on the technique for obtention and the substrate used. These films can be obtained by various methods, such as sol-gel, 11 physical vapor deposition (PVD), 6 and chemical vapor deposition (CVD). 4 Among the advantages of CVD, it can be emphasized the formation of continuous and adherent films with well-defined stoichiometry, and small structural defects. Metalorganic chemical vapor deposition technique (MOCVD), a specific area of CVD, is an attractive process for the growth of TiO 2 films, since it provides improvements in uniformity, presents high growth rates, allows the coating of substrates with complex geometries, and increases the range of substrates used, because in this process lower growth temperatures are used comparing to conventional CVD. [12] [13] [14] MOCVD process also allows a good control of the films thickness during their growth, promoting the synthesis of homogeneous films, important attribute for the study of its photocatalytic properties. Gardecka et al. 15 grew TiO 2 films by MOCVD at 525 °C. The obtained films were nanostructured compounds of anataserutile TiO 2 . X-ray photoelectron spectroscopy (XPS) results demonstrated that the thicker films contained high levels of carbon, inhibiting the photoactivity of the catalysts. Duminica et al. 16 produced TiO 2 films by MOCVD in the temperature range of 400-600 °C. The authors observed that the films grown at low temperature (< 420 °C) are only constituted of anatase phase and exhibited high photocatalytic activity under UV light. However, at 430-600 °C the rutile starts growing leading to a progressive decrease of the photocatalytic efficiency. Krumdieck et al. 17 synthesized TiO 2 films by MOCVD at 375, 450 and 525 °C. The authors analyzed the effects of increasing the growth temperature on the microstructure of films, and its photocatalytic efficiency in the degradation of the methylene blue dye. All films presented good adhesion and uniform appearance. The results showed that with the increase of the growth temperature there was a proportional increase of the TiO 2 photocatalytic activity. Bento and Pillis 4 evaluated the influence of the thickness on the photocatalytic efficiency of TiO 2 films grown by MOCVD on the degradation of methyl orange dye under UV light. The results suggested the existence of an ideal thickness in which the catalyst exhibits better photocatalytic performance.
Besides the structural, physical-chemical and morphological characteristics of the catalyst, the photocatalytic behavior of the TiO 2 films is also influenced by several experimental parameters, which include the pH of the reaction medium, the initial concentration and type of pollutant, the amount of photocatalyst, the specific surface area of the catalyst, the reactor design, the reaction temperature, the luminous intensity of the radiation source, and the irradiation time. 4, 6, 18, 19 It is essential to know these parameters to define the best operating conditions for the use of TiO 2 films in environmental applications. Recent researches have reported the significance of these operational parameters. Shao et al. 20 suggest that acid pH is more favorable for photocatalytic applications than neutral or alkaline ones. Ahmadpour et al. 21 investigated the degradation of methyl orange dye under UV radiation using TiO 2 /Fe 3 O 4 nanocomposites obtained by ultrasonicassisted deposition-precipitation method. The pH of the solution ranged from 2 to 10. The results indicated that the best dye degradation occurred in acid pH (2 and 4) after 60 min of irradiation, with near-complete mineralization of the dye. Shang et al. 22 studied the photodegradation of the formaldehyde compound and observed that the photocatalytic activity of the TiO 2 films is related to the crystallinity and thickness of the films.
The present work evaluated the main factors that influence the kinetics and mechanisms of the photocatalytic efficiency of TiO 2 films. The films were grown by MOCVD technique at 400 and 500 °C, with growth times ranging from 11 to 60 min. The photocatalytic behavior of the catalysts was analyzed on the methyl orange dye degradation at different pHs. Structural and morphological characteristics of the TiO 2 films, and the recyclability of the photocatalysts for several cycles were also investigated.
Experimental

Substrates
Borosilicate glass slides (25 × 76 × 1 mm) were used as substrate for the photocatalytic experimental tests. Silicon wafers substrates were also used for convenience in order to determine the films thickness. The surface preparation for both substrates consisted in the immersion of the samples in a 5% H 2 SO 4 aqueous solution for 3 min, followed by rinsing in deionized water and drying in nitrogen prior of being immediately inserted into the MOCVD reactor.
Growth of TiO 2 films
TiO 2 films were grown by MOCVD process in a conventional homemade reactor previously described by Bento and Pillis, 4 at the temperatures of 400 and 500 °C, under a pressure of 50 mbar. At 400 °C the growth time varied between 15 and 60 min, and for 500 °C it ranged from 11 to 60 min. The optimized process parameters based on previous work 13, 19 carried out by the research group are given in Table 1 . For the synthesis of the films, only titanium(IV) isopropoxide (TTiP) (purity 99.999%, Sigma-Aldrich Co., St. Louis, USA) was used as the titanium and oxygen sources. Nitrogen was used as the carrier gas to transport the TTiP into the system, and as the purge gas. The flow rates were both fixed at 0.5 slm. The growth of the TiO 2 films starts after the working temperature is reached, with release of the precursor flow in the line. Characterization techniques X-ray diffraction (XRD) analyses were performed for phases determination. The analyses were carried out in a Phillips MPD 1880 X-ray diffractometer with a monochromatized Cu Kα radiation (λ = 1.54148 Å). The measurements were performed in the θ-2θ configuration, from 5 to 90°, and step rate of 0.02°. The phases formed were identified with the JCPDS (Joint Committee on Powder Diffraction Standards) database. Surface morphology and mean grain size of the films grown on borosilicate glass substrates were evaluated by field emission scanning electron microscopy (FE-SEM) in a FEI Quanta 600 equipment. Films thicknesses were measured on the cross-section of the films grown on silicon substrates.
Evaluation of TiO 2 heterogeneous photocatalytic performance
The photocatalytic activities of the TiO 2 films in the methyl orange dye degradation under UV light were investigated in a homemade reactor setup previously described by Bento and Pillis. 4 The photoreactor consists of a glass chamber containing 50 mL of the dye solution, the photocatalyst, and the UV light source. These components were arranged in a box to prevent loss of photons and to protect users against the emitted radiation. The distance between the photocatalyst and the UV light source was set at 100 mm. TiO 2 films grown by MOCVD were used as the photocatalysts. Two tubular black light lamps (General Electric; 15 W each one; λ = 365 nm) were used as UV radiation source. Methyl orange dye was employed as the model pollutant, since it is a simple compound of the azo dyes, extensively used in the industry. It is estimated that around 15 to 20% of the azo dyes used in the textile industries are disposed of in the water systems after the dyeing processing, 23 which represents a growing environmental danger. The methyl orange dye degradation was studied at different solution pH values (2, 7 and 10), with a concentration of 0.005 g L −1 . The pH was adjusted by the addition of an adequate amount of H 2 SO 4 or NaOH. The experiments were performed for a total test time of 300 min, under constant stirring and room temperature. Prior to the tests the dye solution was kept under bubbling with the catalyst for one hour into the dark to allow the adsorptiondesorption equilibrium of the solution on the catalyst surface. The photolysis evaluation was carried out under UV radiation, without the catalyst, in order to verify the occurrence of dye photodegradation only under exposure to the light. The photocatalytic efficiency of the TiO 2 films was analyzed for all growth conditions presented in the Table 1 . The dye concentration changes were constantly monitored every 30 min using a Varian Carry 1E UV-Vis spectrophotometer. After the measurement, the aliquots were returned to the dye solution. The degree of dye photodegradation (X) is given by Beer-Lambert law (equation 1), where C 0 is the initial dye concentration, and C is the dye concentration at different irradiation times. 4, 19 (1)
In terms of the kinetic study, the apparent pseudo-first order rate constant (k) was obtained to estimate in which condition the highest degradation of the dye occurred, according to a Langmuir-Hinshelwood model. 24 The k values were calculated from the linear relationship between ln (C 0 / C) and irradiation time.
Recyclability experiments
Recycle tests on photocatalytic degradation of methyl orange dye by TiO 2 films were performed to examine the photocatalytic behavior under UV light in each cycle. After finishing a photocatalytic cycle, the films were rinsed individually for 10 min at room temperature using different reactivation methods: deionized water, ethyl alcohol or acetone, and then dried in nitrogen. The recyclability experiment was carried out for twelve cycles.
Results and Discussion
Microstructural characterization
Morphology and cross-section analyses
The photocatalytic behavior of a semiconductor can vary with the different morphological characteristics and impurities present on the catalyst surface. 18, 19 A high specific surface area may favor a greater formation of hydroxyl radicals (HO • ), which results in the increase of the photocatalytic efficiency and regeneration time of the catalyst. 6 The surface area of TiO 2 films is related to the grain size. The growth temperature is an important parameter that influences the morphological characteristics of the TiO 2 films obtained by MOCVD. 25 Figure 1 shows the surface and cross-section FE-SEM micrograph of the TiO 2 films grown at 400 °C on Si(100). It is observed that there is a flat interface between film and substrate. The films grow perpendicular to the substrate surface, and present dense structure and uniform thickness. Film thickness increases proportionally with the growth time. The films grown for 15, 30 and 60 min presented mean thickness of 184, 395 and 762 nm, respectively. The growth rate was estimated by dividing the film thickness by the time of growth. The value found was of 13 nm min −1 for TiO 2 films grown at 400 °C. The surface of all the catalysts is formed by grains of heterogeneous size. The mean grain size also increases with the growth time. Other studies 4, 16 showed a similar trend. Figure 2 shows the surface and cross-section FE-SEM micrograph of the TiO 2 films grown at 500 °C. The films show uniform thickness, well-defined columnar structure, and grow perpendicular to the substrate surface. Antunes et al. 25 and Jung et al. 26 also observed the formation of well-defined columnar structures at 500-750 °C. The growth rate of the films by the MOCVD technique in the studied temperature is linear. The mean growth rate for TiO 2 films grown at 500 °C is 37 nm min −1 . From the surface analyses, it can be observed the formation of grains of well-defined size for all of the growth times at 500 °C. The grain size increases linearly with the growth time and the film thickness. The results revealed that in the growth of TiO 2 films at 400 and 500 °C the films thickness increases linearly with the deposition time, demonstrating a constant growth rate, which allows a good reproducibility of the deposition process. 2, 4, 19 Table 2 exhibits the morphological characteristics of the TiO 2 films grown at 400 and 500 °C.
Phase structures
The crystallinity and phases formed in the TiO 2 films grown on borosilicate substrates at 400 and 500 °C by the MOCVD process were investigated by XRD, as shown in Figure 3 . The results suggested that the films present good crystallinity. All the peaks are in great agreement with the standard spectra (JCPDS No. . From XRD pattern it can be seen that the films are formed only by anatase crystalline phase. 15, 27 No evidences of rutile or brookite phases were found. The films grown at 400 °C exhibit the most intense peak at 2θ = 47.8°, which corresponds to [200] of anatase-TiO 2 . 19 The films grown at 500 °C present a crystallographic preferential orientation in [112] at 2θ = 38.1°. 25 The intensity of the peaks increases with the films thickness. Khalifa et al. 28 obtained similar results. Lee et al. 29 observed that at 400 °C different crystalline plans appear in relation to these present at 500 °C, behavior also showed in the present study.
Photocatalytic performance of the methyl orange dye
Before inducing the photocatalytic reactions with light, it is essential for the organic pollutants-model to get adsorbed on the catalyst surface in the dark. More adsorption on the catalyst improves the dye degradation. Therefore, the solution was allowed into the dark for 60 min to achieve the equilibrium between desorption of dye molecules and ion adsorption on the TiO 2 film, at different pH values. As shown in Figure 4 , the adsorption-desorption saturation was reached after approximately 40 min for all conditions. Effect of pH Figure 5 shows the photocatalytic activity of the TiO 2 films grown on borosilicate substrates by MOCVD at 400 °C with 184, 395 and 762 nm-thick. The photodegradation efficiency of the catalysts was evaluated by the methyl orange dye degradation under UV light for 300 min in different pH solutions. The C/C 0 graph exhibits the dye degradation as a function of the time of exposition to the light source, with and without the presence of TiO 2 films. The photolysis curves indicated that without the presence of the photocatalysts there was no methyl orange dye degradation under UV radiation. Previous studies 4, 30 confirm that the degradation of the methyl orange dye occurs only in the presence of TiO 2 . It is observed that, among the pH values used, the best result occurred for the TiO 2 film with 395 nm-thick at pH = 2, with 65.3% of dye degradation. The films with 184 and 762 nm-thick showed less efficiency on the dye degradation in all the pHs range. At pH = 2, for all the growth times, the photocatalytic efficiency of TiO 2 films on the methyl orange dye degradation was slightly better than that observed for pH = 7. For pH = 10 the films presented minor efficiency, which suggests that lower pH dye solution results in higher efficiencies. Figure 6 exhibits the photocatalytic behavior of the TiO 2 films grown at 500 °C with 600, 1100 and 2100 nm-thick, on the methyl orange dye degradation under UV light for 300 min at pH dye solutions of 2, 7 and 10. The TiO 2 film with 600 nm-thick presented the best photocatalytic performance, showing 30.2% of the dye degradation at pH = 2. The results show a similar trend to that obtained by the TiO 2 films grown at 400 °C for all of the thicknesses (Table 3 ). However, for the films grown at 500 °C the photocatalytic activity decreases as the film thickness increases. Guettai and Amar 30 observed that the photodegradation is more intense at acidic pH than at alkaline pH, since the adsorption of the methyl orange dye to the photocatalyst surface is better at pH < 4. Dai et al. 31 and Niu 32 obtained the same effect of pH on the methyl orange dye degradation using TiO 2 as catalyst.
The pH is an important parameter to be considered in the processes of azo dyes photodegradation. It influences the dye adsorption on the TiO 2 surface, and it depends on the electrostatic force between the dye and the catalyst, among other factors. For the methyl orange dye, an anionic dye, a high negative charge density in the molecule occurs when it is dissolved in water. 30 The ionization state of the TiO 2 surface can be protonated or deprotonated, respectively, under acidic or alkaline pH, 33 according to the following reactions:
(2)
At pH > 6, strong adsorption of the dye on the TiO 2 surface is observed, result of electrostatic attraction. Under alkaline dye solution, the methyl orange molecules are negatively charged, which did not favor this process since the competitive adsorption by hydroxyl groups and the dye molecule suffer Coulombic repulsion. 34 Under higher pH solution, the HO • radicals are rapidly absorbed, having no opportunity to react with the dye. In this way, anionic dyes, such as methyl orange dye, suffer better photodegradation in acidic pH. 30 
Effect of the film thickness
According to several studies, 4, 22, 35 the photocatalytic activity of the TiO 2 films improves with increasing film thickness until a limit, from which the degradation reaction remains almost constant or decreases. This limit corresponds to the increase in film opacity, limiting the diffraction of the light through the catalyst and the consequent diffusion of charge carriers. 36 However, thinner films present a higher recombination rate of the photogenerated charges, due to the difficulty of transferring the electron (e − )/hole (h + ) pair, which reduces its photocatalytic performance. 37 In this way, the study of the influence of the TiO 2 film thickness on the methyl orange dye degradation was developed, in order to ensure an efficient photocatalytic activity. The best behavior was reached for the 395 nm-thick film (30 min). Thus, in order to evaluate the performance of films with thicknesses close to that, 260 and 520 nm-thick TiO 2 films were grown, which allowed to analyze the behavior of films with thicknesses near to the 395 nm-thick synthesized film. Figure 7 shows the photocatalytic behavior of the TiO 2 films grown on borosilicate substrates by MOCVD at 400 °C. The photocatalytic experimental tests for these films were carried out at pH = 2, which is the best observed condition. The results suggest an ideal thickness value of TiO 2 films for photocatalytic applications. The best result was maintained for the film grown for 30 min, with a thickness of 395 nm, which presented 65.3% of methyl orange dye degradation under UV light for 300 min. The other films presented lower photocatalytic efficiency in the same test period, under the same conditions. From the values obtained, the photocatalytic rate constant (k) of the TiO 2 films were calculated, as shown in Table 4 . Increasing the k values an increase in the degradation rate of the dye was observed.
The results demonstrated that there is a TiO 2 film thickness range where the best photocatalytic behavior occurs and, consequently, the highest percentage of dye degradation. The studies developed by Duminica et al. 16 and Wu et al. 38 exhibited similar results with 300 nm thick films approximately. Carp et al. 6 suggest that there is an optimum thickness for the photocatalytic activity of TiO 2 films. When the film is very thin, only a small portion of incident light is absorbed by the catalyst. 4 The increase in thickness is favorable for the photocatalytic performance, since thinner films have a higher electron recombination rate than thicker films. Nevertheless, increased film thickness interferes in the electron mobility, due to the increased depth of light penetration required for the photons to activate the electrons of the semiconductor, and consequently to form the HO • radicals. 39 Moreover, in very thick and dense films the majority of electron (e − )/hole (h + ) pairs are generated inside the catalyst, not reaching the surface, 6, 16, 37 as schematized in Figure 8 . In both cases the films present low photocatalytic activity, which suggests a minimum and a maximum limiting thickness where the photocatalytic activity is greater. The mean grain size is also an important parameter in photocatalytic applications, which influences the behavior of TiO 2 films on water treatment. The smaller grain size promotes the increase of the superficial area and, consequently, the photocatalytic efficiency of the films. 4, 19 Tian et al. 40 studied the photocatalytic activity of TiO 2 on the methyl blue dye and phenol degradation under UV light. The results showed that higher crystallinity, larger superficial area and smaller grain size result in higher photocatalytic activity of TiO 2 . In our work, the films presented mean grain size values between 160 and 300 nm ( Table 2 ). The grain size increases with the film thickness. The results suggest that, for TiO 2 films grown by MOCVD process, there is the existence of an ideal grain size, and an optimum thickness value; the latter being the principal variable for films employed on advanced oxidation processes.
Effect of growth temperature
To evaluate the influence of growth temperature on photocatalytic activity of the catalysts on the methyl orange dye degradation, the TiO 2 films with thickness of around 400 nm were grown by MOCVD at 400 and 500 °C. Previously, the 395 nm-thick film obtained at 400 °C exhibited the best photocatalytic performance, and its thickness was used as a parameter for the growth at 500 °C. Figure 9 shows the photocatalytic behavior of the films under UV light for 300 min at pH dye solution of 2. The catalyst grown at 400 °C presented a photocatalytic activity 66.5% more efficient than the TiO 2 film grown at 500 °C, as shown in Table 5 . The results demonstrate that the structure is an important parameter to obtain the better methyl orange dye degradation. TiO 2 films grown at 400 °C tend to present better photocatalytic activity than those grown at 500 °C.
Based on structural calculations, the facets {101}, {111}, {100} and {001} present the lower formation energy. 41 According to the literature, 42,43 some exposed facets are more reactive than others. The photocatalytic properties of anatase-TiO 2 depend on the crystallinity, Figure 8 . Schematic representation of cross-sections of the TiO 2 films with different thickness illustrating the photocatalytic behavior on the methyl orange dye degradation under UV light when the film thickness increases. The diagram also demonstrates the electron-hole recombination in this condition, and the mechanism of semiconductor heterogeneous photocatalysis. shape, size, and exposed facets. 6 Usually, the TiO 2 nanocrystals facets have specific physical and chemical properties, such as adsorption and photocatalytic reactivity. 44 Besides that, the facets could facilitate the electron (e -)/hole (h + ) separation. X-ray diffraction pattern shows the enhanced (200) peak (see Figure 3 ) which indicates that the TiO 2 structures are dominant in {100} facets at 400 °C, and a peak at (112) for the growth temperature of 500 °C. Previous studies 45, 46 showed that anatase-TiO 2 catalysts with {001}, {101}, or {100} exposed facets exhibit enhanced photocatalytic activity, similar behavior obtained in the present work.
The photocatalytic mechanisms of the TiO 2 films on the methyl orange dye photodegradation under UV light can be explained as follows: electrons (e − ) in the valence band (VB) of TiO 2 are photo-excited (3.2 eV for anatase-TiO 2 ) to its conduction band (CB), which leads to the formation of electronic holes (h + ), as shown in equation 4. 18, 47 The electronically excited semiconductor reacts with the adsorbed water, the hydroxyl ions, and the oxygen. The electrons (e − ) can reduce ions from Ti 4+ to Ti 3+ . The water and hydroxyl ions are oxidized to HO • radicals by the holes (h + ) in the VB and the Ti 4+ sites present on the catalyst surface (equation 5). The oxygen behaves like an electronic trap for the electrons. 48 Since the irradiation time is prolonged, the dissolved oxygen molecules can capture the electron (e − ) on the TiO 2 surface to generate reactive superoxide radical anions, as shown in equation 6. The formation of hydrogen peroxide (H 2 O 2 ) can occur by the adsorption of the molecular oxygen in the Ti 3+ sites, according to equation 7, and subsequent reduction of H 2 O 2 (equation 8). The HO • and O 2 • radicals can oxidize the adsorbed dye compounds on the TiO 2 surface (equation 9), which occurs only in the presence of light and oxygen, which can lead to complete mineralization of the contaminant. 4, 27 (4) (5) (6) (7) (8) (9) (10) There is a competition between the recombination of the electron (e − )/hole (h + ) pairs and the transfer of charges in the catalyst/dye solution interface. The first inhibits the photocatalytic activity of the TiO 2 , and the second will continue the photodegradation process. At this point, the oxygen performs an important function as electron acceptor, decreasing the electronic recombination, and as responsible for continuing the reactions initiated by the holes (h + ) and the HO • radicals, reacting with the products of the primary reactions and leading to the formation of CO 2 and H 2 O. 4, 18, 27 Durability and reactivation of TiO 2 films
The durability and recyclability of the photocatalytic materials are important requirements for practical applications of heterogeneous photocatalysis in water treatment. Therefore, TiO 2 films grown by MOCVD at 400 °C were subjected to methyl orange dye degradation for 120 min and retrieved by individually applying different reactivation methods: deionized water, ethyl alcohol or acetone for up to five cycles ( Figure 10 ). The reactivation method using ethyl alcohol presented the most stable photocatalytic behavior, without showing any significant loss of efficiency under UV light. Nevertheless, the methods using deionized water and acetone were not as attractive. After five photocatalytic cycles, the efficiency of the film rinsed with deionized water decreased from 40.1 to 24.3%, while the cleaning method with acetone reduced the photodegradation efficiency to 8% at the same test condition. Lin et al. 49 used ethanol in the reactivation of Fe-TiO 2 films to perform the durability experiments. The authors obtained satisfactory results after 28 catalytic cycles, and they proposed that ethanol, besides removing the dye adsorbed on the catalyst surface, could eliminate residues derived from the synthesis process, which results in increased surface area and adsorption sites. Xu et al. 50 performed recyclability tests on TiO 2 films to evaluate their photocatalytic behavior for six cycles. The catalysts were rinsed with deionized water at end of each cycle. The results indicated a reduction of 15% in the photocatalytic activity of the films, a similar trend to that obtained in the present work. Figure 11 shows the durability experiments of photocatalytic reaction of original and ten photodegradation cycles of TiO 2 film grown by MOCVD at 400 °C by using the ethanol reactivation method. The experiments were performed on the methyl orange dye degradation under UV light for 300 min at pH = 2. The efficiency of the film was 65.3% until the seventh cycle. The photocatalytic activity slightly dropped in the eighth and ninth cycle, in which the photodegradation efficiencies were of 64.8 and 63.6%. In the tenth cycle, a photocatalytic activity of 62.9% was obtained. The results for the recycled TiO 2 films indicated a high possibility of reuse of the photocatalyst. The TiO 2 films grown by MOCVD exhibited a great stability after several photocatalytic cycles, which suggests that these catalysts have a high potential to be used in the practical applications of heterogenous photocatalysis, and for the removal of dye contaminants in real wastewater treatment with high efficiency.
Conclusions
In this work, TiO 2 catalysts were grown at 400 and 500 °C by MOCVD process. This method was efficient for the growth of TiO 2 films, using only TTiP as precursor as both titanium and oxygen. The thickness of the films as well as the mean grain size increase linearly with the growth time. The films obtained in both temperatures exhibited high crystallinity, and anatase-TiO 2 phase was the only crystalline phase identified. The films obtained at 400 °C showed a dense columnar morphology, and a crystalline preferential orientation at [200] . The films grown at 500 °C presented a well-defined columnar structure, and crystalline preferential orientation at [112] . The methyl orange dye was used as pollutant-model to evaluate the performance of the catalysts under UV light. Increasing the thickness of the films grown at 500 °C, there is a decrease in the photocatalytic activity. The results suggested the existence of a thickness range in which the catalyst presents the highest dye photodegradation performance. The best photocatalytic result occurred for the 395 nm-thick TiO 2 -film grown at 400 °C which presented 65.3% of methyl orange dye degradation after 300 min under UV light exposition. The photocatalytic efficiency of the catalysts increases for acidic pH. This behavior is independent of the structural and morphological characteristics of the films. The recyclability of the catalysts was evaluated. After five photocatalytic cycles, the TiO 2 film rinsed with ethyl alcohol presented the most stable Figure 10 . Recyclability of photocatalytic degradation of the methyl orange in the presence of the TiO 2 films under UV light for 120 min at pH = 2. The films were grown on borosilicate substrates by MOCVD process at 400 °C for 30 min. The photocatalytic reactivation of the TiO 2 films was performed under three different methods: deionized water, ethyl alcohol or acetone for up to five cycles. photocatalytic behavior. The TiO 2 films grown by MOCVD are promising for the application as photocatalysts for water treatment by a green method, and can be used in the organic pollutants degradation, such as azo compounds, widely used in the textile industry.
